In consideration of the fact that the α-methylene-γ-butyrolactone moiety is a major bio-functional group in the structure of carabrone and possesses some agricultural biological activity, forty-six new ester and six new ether derivatives containing α-methylene-γ-butyrolactone moieties were synthesized, and their fungicidal activities against Colletotrichum lagenarium and Botrytis cinerea were investigated. Most of the synthesized compounds showed moderate to significant fungicidal activity. Among them, halogen atom-containing derivatives showed better activity than others, especially compounds 6a,d which exhibited excellent fungicidal activity against C. lagenarium, with IC 50 values of 7.68 and 8.17 µM. The structure-activity relationship (SAR) analysis indicated that ester derivatives with electron-withdrawing groups on the benzene ring showed better fungicidal activity than those with electron-donating groups. A quantitative structure-activity relationship (QSAR) model (R 2 = 0.9824, F = 203.01, S 2 = 0.0083) was obtained through the heuristic method. The built model revealed a strong correlation of fungicidal activity against C. lagenarium with the molecular structures of these compounds. These results are expected to prove helpful in the design and exploration of low toxicity and high efficiency α-methylene-γ-butyrolactone-based fungicides.
Introduction
Plant pathogenic fungi remain a main cause of plant diseases, which can infect any tissue of a plant and cause severe yield agricultural product losses [1] [2] [3] . Moreover, the presence of some phyto-fungal mycotoxins can be harmful to animal and human health [4] . Colletotrichum lagenarium and Botrytis cinerea are the most common plant pathogenic fungi, and can cause cross-infections between diseased and healthy plants [5] [6] [7] . In addition, they cause significant reductions of crop yield and quality [8] . Traditional chemical fungicides play an important role in killing or controlling target fungi directly, but sometimes cause adverse effects to the environment and food, and often create fungicide resistance [9] . Therefore, it is urgent to develop novel and effective fungicidal agents to protect plants.
The α-methylene-γ-butyrolactone ring can be found as a key substructural unit in many sesquiterpenoids ( Figure 1 ). It exhibits multiple biological properties, including antibacterial, cytotoxic, antiinflammatory, antioxidant, allergenic and antimicrobial activity [10] [11] [12] [13] [14] [15] [16] . In our previous research, we found that carabrone (which is isolated from fruits of Carpesium macrocephalum) and its derivatives It is virtually and economically impossible to develop and screen candidates with fungicidal activity from among numberless compounds. The development of new quantitative structure-activity relationship (QSAR) methods, with simple molecular indexes, is a promising shortcut to resolve the cost and time issues [22] . The QSAR method enables the calculation of numerous quantitative descriptors on the basis of molecular structural information and is very useful to optimize important aspects such as fungicidal activity or toxicity. Meanwhile, QSAR is useful in provide further guidance for the design and development of potential new fungicides [23, 24] .
In order to obtain novel natural product-based fungicides, two series of derivatives based on γ-monosubstituted α-methylene-γ-butyrolactone rings were synthesized on the basis of their molecular similarity. The fungicidal activities of these compounds against C. lagenarium and B. cinerea were investigated and their structures were characterized by 1 H-NMR, 13 C-NMR, and HRMS spectrometric analysis. Meanwhile, the cytotoxicity was tested to ensure selectivity of the antifungal effects. Moreover, a QSAR study was also performed on all of the derivatives using the Gaussian and CODESSA software packages, which can correlate their structural features with their fungicidal activity.
Results and Discussion

Synthesis
Three kinds of intermediate compounds 4-6 were prepared by the cyclization of γ-hydroxy-α-methylene esters, which were obtained under mild aqueous reaction conditions through indium-mediated Barbier allyl addition to aldehydes [25] . In order to investigate the structure-activity relationships, different acids were reacted with the three kinds of intermediate compounds to obtain the corresponding ester compounds. Then, six new ether compounds were obtained by reacting with them with brominated alkanes. The structures of all the derivatives were characterized by 1 H-NMR, 13 C-NMR and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS). The synthetic routes are shown in Scheme 1. It is virtually and economically impossible to develop and screen candidates with fungicidal activity from among numberless compounds. The development of new quantitative structure-activity relationship (QSAR) methods, with simple molecular indexes, is a promising shortcut to resolve the cost and time issues [22] . The QSAR method enables the calculation of numerous quantitative descriptors on the basis of molecular structural information and is very useful to optimize important aspects such as fungicidal activity or toxicity. Meanwhile, QSAR is useful in provide further guidance for the design and development of potential new fungicides [23, 24] .
Results and Discussion
Synthesis
Three kinds of intermediate compounds 4-6 were prepared by the cyclization of γ-hydroxy-α-methylene esters, which were obtained under mild aqueous reaction conditions through indium-mediated Barbier allyl addition to aldehydes [25] . In order to investigate the structure-activity relationships, different acids were reacted with the three kinds of intermediate compounds to obtain the corresponding ester compounds. Then, six new ether compounds were obtained by reacting with them with brominated alkanes. The structures of all the derivatives were characterized by 1 H-NMR, 13 C-NMR and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS). The synthetic routes are shown in Scheme 1. 
Fungicidal Activity and Structure-Activity Relationships (SAR)
Fungicidal Activity of the Title Compounds against C. lagenarium
The results of the fungicidal activity against C. lagenarium are summarized in Table 1 , from which it can be seen that the halogen atom-containing derivatives exhibited significant fungicidal activity against this species. The following three main SARs were obtained: first, the introduction of the electron-withdrawing groups Cl, Br, and CN onto the benzene ring dramatically increased the potency. Compounds 4a-f, 5a-e, and 6a-e (IC50 < 18 μM) exhibited fungicidal activity approximately ten to twenty fold higher than the intermediate compounds 4-6, respectively. It was notable that the IC50 values of 6a,d were approximately two fold lower than those of chlorothalonil, a commercial fungicide. Meanwhile, the electron-donating groups CH3 and CH3O introduced onto the benzene ring to give 4j-o, 5h-l and 6g-l (IC50 > 126 μM) greatly weakened the potency, which was similar to that of the fatty acid derivatives 4p, 5m and 6m. It can be concluded that the electronic effect of the substituent on the benzene ring is important for the fungicidal activity of α-methylene-γ-butyrolactone groups. Second, intermediate compound 6 was found to have higher activity than the corresponding intermediate compounds 4 and 5. Meanwhile, meta-substitution on the benzene ring (compounds 6a-p) was found to improve the potency significantly compared with the corresponding ortho-and para-substitution patterns (compounds 4a-r and 5a-r). This result suggests that the steric effect Scheme 1. Synthetic route of the title compounds.
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Fungicidal Activity of the Title Compounds against C. lagenarium
The results of the fungicidal activity against C. lagenarium are summarized in Table 1 , from which it can be seen that the halogen atom-containing derivatives exhibited significant fungicidal activity against this species. The following three main SARs were obtained: first, the introduction of the electron-withdrawing groups Cl, Br, and CN onto the benzene ring dramatically increased the potency. Compounds 4a-f, 5a-e, and 6a-e (IC 50 < 18 µM) exhibited fungicidal activity approximately ten to twenty fold higher than the intermediate compounds 4-6, respectively. It was notable that the IC 50 values of 6a,d were approximately two fold lower than those of chlorothalonil, a commercial fungicide. Meanwhile, the electron-donating groups CH 3 and CH 3 O introduced onto the benzene ring to give 4j-o, 5h-l and 6g-l (IC 50 > 126 µM) greatly weakened the potency, which was similar to that of the fatty acid derivatives 4p, 5m and 6m. It can be concluded that the electronic effect of the substituent on the benzene ring is important for the fungicidal activity of α-methylene-γ-butyrolactone groups. Second, intermediate compound 6 was found to have higher activity than the corresponding intermediate compounds 4 and 5. Meanwhile, meta-substitution on the benzene ring (compounds 6a-p) was found to improve the potency significantly compared with the corresponding ortho-and para-substitution patterns (compounds 4a-r and 5a-r). This result suggests that the steric effect should be considered and substitution patterns on the benzene ring have an important influence on the fungicidal activity. Third, all of the synthesized ether compounds exhibited lower fungicidal activity against C. lagenarium than the corresponding ester compounds. It was notable that the cinnamic acid and fumalic acid derivatives 4q-r, 5n and 6n containing an unsaturated bond showed higher fungicidal activity against C. lagenarium. The results of the fungicidal activity against B. cinerea are summarized in Table 1 , from which we can see that compounds 4a-f, 4q, 5a-e,n and 6a-e exhibited moderate fungicidal activity against B. cinerea. All of the test compounds were less effective than against C. lagenarium.
QSAR Study on the Fungicidal Activity against C. lagenarium
In general, descriptors used in QSAR can be categorized as constitutional, topological, geometrical, electrostatic, quantum chemical, and thermodynamic. There are many regression approaches available for the CODESSA 2.7.15 software, such as the best multi-linear, multi-linear regression, principal component analysis, partial least square regression, and heuristic regression [26] . In view of the number of samples and descriptors used in this study, the heuristic regression was selected for developing the QSAR model.
Determining the number of descriptors is an important step. The "breaking point" rule was used in the improvement of the statistical quality of the model, as described in Figure 2 , the R 2 value of the heuristic regression had a dramatic increase before the number of the descriptors reached 5, descriptors with high t values were accepted and those with low t values were rejected. After the number of the descriptors reached a certain value, the improvement of the regression model became less insignificant [27] . In addition, the number of the descriptors complies to the linear regressions given by Equation (1) :
where N is the number of sample compounds and K is the number of descriptors. Thus, the final model with five descriptors was selected as the best model. The values of the five descriptors of compounds can be found in Table 2 .
number of samples and descriptors used in this study, the heuristic regression was selected for developing the QSAR model. Determining the number of descriptors is an important step. The "breaking point" rule was used in the improvement of the statistical quality of the model, as described in Figure 2 , the R 2 value of the heuristic regression had a dramatic increase before the number of the descriptors reached 5, descriptors with high t values were accepted and those with low t values were rejected. After the number of the descriptors reached a certain value, the improvement of the regression model became less insignificant (ΔR 2 < 0.02-0.04) [27] . In addition, the number of the descriptors complies to the linear regressions given by Equation (1) :
where N is the number of sample compounds and K is the number of descriptors. Thus, the final model with five descriptors was selected as the best model. The values of the five descriptors of compounds can be found in Table 2 . The best statistical model for the pIC 50 data had the following statistical characteristics: R 2 = 0.9824, F = 203.01, S 2 = 0.0083. This model included five descriptors in descending order according to their statistical significance (t values), which is shown in Table 3 , and the regression coefficients X and their standard errors ∆X are also listed. The comparison between the experimental and predicted pIC 50 is listed in Table 4 , and the plot of the comparison between the predicted and experimental values is shown in Figure 3 . The five descriptor QSAR model equation is described in the following Equation ( The internal validation and the "leave-one-out" cross-validation methods were used to validate the developed QSAR model [28] . The internal validation was carried out by dividing the compound data into three subsets A-C, with 17, 17 and 18 compounds respectively. The compounds 1, 4, 7, 10, etc., went into the first subset (A); 2, 5, 8, 11, etc., went into the second subset (B); and 3, 6, 9, 12, etc., went into the third subset (C). Two of the three subsets, (A and B), (A and C), and (B and C), consist the training set while the remaining subset was treated as a test set. The correlation equations were derived from each of the training sets using the same descriptors and then used to predict values for the corresponding test set [29] . Internal validation results are presented in Table 5 . The R Training 2 and R Test 2 are within 5% for all three sets, and the average values of R Training 2 = 0.9833 and R Test 2 = 0.9855 were close to the overall R 2 value. Thus, the obtained QSAR model obtained demonstrated the predictive power of 3-fold cross-validation. Meanwhile, the "leave-one-out" method was completed in a similar manner to the internal validation. Every fourth compound (1, 5, 9, 13, etc.) was put into an external test set, and the remaining compounds were left in the training set. The QSAR model containing the same five descriptors was obtained with R 2 = 0.9862 from the training set. When the same QSAR model was applied on the test set, R 2 = 0.9789 was observed. Therefore, the "leave-one out" cross-validation results were also satisfactory. Descriptors involved in this model revealed the relationship between the compounds and the fungicidal activity. The 1st and 3rd most important descriptors obtained in the model were the number of occupied electronic levels of atoms and maximum atomic orbital electronic population, which belong to quantum-chemically descriptors and have a significant effect on the fungicidal activity. The number of occupied electronic levels of atoms depends directly on the quantum-chemically calculated charge distribution in the molecules, and therefore describes the polar interactions between molecules [30, 31] . This study found that the derivatives with electron-withdrawing groups on the benzene ring showed higher N o values than those with electron-donating groups. Maximum atomic orbital electronic population for a given atomic species in the molecule is an important index to describe the nucleophilicity of the molecule, which is directly related to molecular nucleophilic capacity and characterizes the susceptibility of the molecule to electrophilic attack [32] . In Equation (2), the maximum atomic orbital electronic population and pIC 50 are positively correlated, which suggested that the electron withdrawing substitution groups of the derivatives are beneficial for the fungicidal activity against C. lagenarium. In fact, the α,β-unsaturated carbonyl system (Michael acceptor), which had higher electron deficiency induced by electron-withdrawing groups, can be easily attacked by bionucleophiles [33, 34] . Therefore, the obtained QSAR study result partially met the above SAR study conclusion.
The 2nd, 4th and 5th descriptors obtained in the model were the maximum net atomic charge for a C atom, maximum net atomic charge for an H atom, and minimum net atomic charge for an H atom. These three descriptors belong to electrostatic descriptors, and they reflect characteristics of the charge distribution of the molecules [35, 36] . Thus, the electrostatic descriptors play an important role in influencing the fungicidal activity of compounds. In Equation (2), appearance with a positive sign in the model indicated that a molecule with a higher descriptor value had a higher pIC 50 . On the contrary, a negative sign in the model indicated that a molecule with a lower descriptor value had a higher pIC 50 .
Cytotoxic Activity of the Representative Compounds against Human Tumor Cells Line (HepG2)
As a fact, compounds containing the α-methylene-γ-butyrolactone structure often exhibit a high toxicity potential against mammalian cells [37, 38] . In order to ensure the selectivity of the fungicidal effects, the cytotoxicity of 24 representative derivatives was tested in a human tumor cells line (HepG2). The result is listed in Table 6 , which indicated that the QSAR underlying the fungicidal and cytotoxic effects of these representative compounds are different. For instance, compound 6a has the highest fungicidal activity with IC 50 = 7.68 µM (against C. lagenarium) but moderate cytotoxic activity with IC 50 = 30.2 µM (against HepG2 cell line), while, compound 4i has low fungicidal activity with IC 50 = 95.38 µM (against C. lagenarium) but high cytotoxic activity with IC 50 = 5.3 µM (against HepG2 cell line). Through QSAR studies on fungicidal and antitumor activity of α-methylene-γ-butyrolactone derivatives, these are important points that need further investigation to seek high activity derivatives with weak cytotoxicity. 
Materials and Methods
General Information
Chlorothalonil was purchased from Xiangtan Huayuan Fine-Chem Co. Ltd. (Xiangtan, China). 4-Dimethylaminopyridine (DMAP), N,N-dicyclohexylcarbodiimide (DCC) and carboxylic acids were purchased from J & K Chemical Ltd. (Beijing, China). Other reagents and solvents were obtained locally. All solvents were dried, and redistilled before use. The water used was redistilled and ion-free. Analytical thin-layer chromatography (TLC) was performed on silica gel GF 254 . Column chromatographic (CC) purification was carried out using silica gel (200-300 mesh). Above silica gel was obtained from Qingdao Haiyang Chemical Co., Ltd. (Qingdao, China). The melting points of the synthetic derivatives were determined on an X-6 apparatus (Beijing Tech., Beijing, China) and are uncorrected. Nuclear magnetic resonance (NMR) experiments were performed on an Avance 400/500 MHz instrument (Bruker, Bremerhaven, Germany). HR-MS (ESI) were obtained using a Bruker Apex-Ultra 7.0 T spectrometer. Reaction progress was monitored by thin-layer chromatography on silica gel GF-254 with detection by UV light. [21] . Hydroxybenzaldehyde (122.1 mg, 1.0 mmol), α-(bromomethyl) acrylic acid (198.0 mg, 1.2 mmol), and indium powder (136.0 mg, 1.2 mmol) were added to THF (10.0 mL) at room temperature. 6.0 M HCl was added to the above mixture when the starting aldehyde disappeared according to TLC analysis and stirring was continued for 6 hours. Then, the mixture was extracted with ethyl acetate (3ˆ10 mL) and the organic phase dried over anhydrous Na 2 SO 4 and evaporated under reduced pressure. The resulting residue was purified using preparative chromatography on silica gel eluting with 0%-40% ethyl acetate in petroleum ether. These intermediate compounds were used to prepare the target compounds. 1 mmol) . Then the mixture was cooled to 0˝C. N,N-dicyclohexyl-carbodiimide (DCC, 226.0 mg, 1.1 mmol) dissolved in anhydrous CH 2 Cl 2 (10.0 mL) was added dropwise into the mixture over a period of 10 min at 0˝C and the mixture was then stirred at room temperature until the reaction was complete according to the TLC analysis. Then, the mixture was filtered. Finally, the residual organic layers were extracted by ethyl acetate (3ˆ30 mL) and dried over anhydrous Na 2 SO 4 . After filtering, the solution was evaporated under vacuum. The target compounds were purified by column chromatography on silica gel eluting with 0%-40% ethyl acetate in petroleum ether. The structures of all ester derivatives were characterized by 1 H-NMR, 13 C-NMR, and HR-ESI-MS, and the data are listed below. 
Synthetic Procedures
3.2.1. General Synthetic Procedure for the Intermediate Compounds α-(Bromomethyl)acrylic acid was synthesized according to our previous report
4-(4-Hydroxyphenyl)-2-methylenebutyrolactone (4)
.
4-[4-(2-Chlorobenzoyloxy
Fungicidal Activity Bioassay
Preparation of Spore Suspension
The fungal pathogens C. lagenarium and B. cinerea was provided by the Agricultural Culture Collection of China (Yangling, Shaanxi, China). C. lagenarium was cultured for 2 weeks at 25˘1˝C on potato dextrose agar (PDA) while B. cinerea was cultured at 20˝C on the same medium after being retrieved from the storage tube. Plates were flooded with sterile distilled water, and then conidia were scraped with a glass rod. Mycelial debris was removed by filtration. The spores were harvested and suspended in sterile distilled water containing 0.1% (v/v) Tween 20. The concentration of the spore suspension was adjusted to 1.0ˆ10 6 spores/mL with sterilized distilled water following [21, 39] .
Spore Germination Assay
The tested samples (10.0 mg) dissolved in acetone (0.1 mL) were diluted with sterile distilled water to prepare 10.0 mL stock solution, which was further diluted to prepare test solutions in which the final concentration of acetone was <1% (v/v). A series of concentrations of tested samples and one control (1% acetone with sterile distilled water) were separately tested for spore germination of C. lagenarium or B. cinerea. The samples were inoculated with spore suspension of C. lagenarium or B. cinerea containing 1.0ˆ10 6 spores/mL. Aliquots of 10 µL of prepared spore suspension were placed on separate glass slides in triplicate. Slides containing the spores were incubated in a moisture chamber at 25˝C for 6~8 h. Each slide was then observed under the microscope for spore germination. Spores were considered to have germinated if the length of the germ tube was at least half the length of the spore. Afterward, spore germination was stopped by applying a drop of lactophenol-cotton blue to the inoculation sites on plates. The numbers of generated spores were counted under a microscope (Olympus BX61, Tokyo, Japan), and the percentage of germinated spores was calculated. Chlorothalonil was used as the positive control [21, 39] .
Building and Validation of the QSAR Model
Firstly, the optimal conformers of the title compounds with the lowest energy were computed at the DFT/6-31G (d) level using the Gaussian 03W package of programs [40] . Then, the calculated results were changed into a form compatible with CODESSA 2.7.15 using Ampac 9.1.3 [41, 42] . Finally, all of the molecular descriptors involved in these compounds were calculated by CODESSA 2.7.15. In order to find out which structural features play an important role in the fungicidal activity against C. lagenarium, the heuristic method analysis was selected to generate the QSAR model. In this model, the statistical criteria were indicated by the squared correction coefficient (R 2 ), the squared standard error of the estimates (S 2 ), and the Fisher significance ratio (F). The tested IC 50 values were converted into the corresponding log IC 50 values and used as dependent variables in the QSAR studies. The quality of the final model was determined using both an internal validation and the "leave-one-out" cross-validation methods [43] .
Conclusions
In summary, forty-six ester and six ether derivatives containing α-methylene-γ-butyrolactone moieties were synthesized, and their fungicidal activities against C. lagenarium and B. cinerea was investigated. Halogen atom-containing derivatives showed better activity than others, especially compounds 6a,d which exhibited excellent fungicidal activity against C. lagenarium. Both SAR and QSAR studies indicated that the structural characteristics had an important influence on the fungicidal activity, and electron withdrawing substituents on the α-methylene-γ-butyrolactone derivatives had a positive effect on the fungicidal activity. It was notable that the present set of compounds consisted of racemic mixtures; it will be an interesting task for further studies to test the most active compounds in optically pure form. The level of fungicidal activity and cytotoxic activity observed with α-methylene-γ-butyrolactone derivatives provide great impetus for further work on the design of high-activity and non-toxic crop-protection agents.
